The Chandra X-Ray Observatory is the X-ray component of NASA's Great Observatory Program. The facility provides scientific data to the international astronomical community in response to peer-reviewed proposals for its use. Data becomes public at most one year after the observation. The Observatory is the result of the efforts of many academic, commercial, and government organizations in the United States and Europe. NASA's Marshall Space Flight Center (MSFC) manages the Project and provides Project Science; NGST (formerly TRW) served as prime contractor responsible for providing the spacecraft, the telescope, and assembling and testing the Observatory; and the Smithsonian Astrophysical Observatory (SAO) provides technical support and is responsible for ground operations including the Chandra X-Ray Center (CXC). We present a description of the hardware and an overview of some of the remarkable discoveries.
The Observatory
In 1977, NASA/MSFC and SAO began a study which led to the definition of the then named Advanced X-Ray Astrophysics Facility. This study had been initiated as a result of an unsolicited proposal submitted to NASA in 1976 by Prof. With extensive use of graphite-epoxy structures, the mass is 4,800 kg.
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The IUS performed two firings and then separated from the Observatory. After five firings of an internal propulsion system -the last of which took place 15 days after launch -the Observatory was placed in its highly elliptical orbit. This orbit has a nominal apogee of 140,000 km and a nominal perigee of 10,000 km. The inclination to the equator is 28 .5 o . The satellite is above the radiation belts where the charged-particle background is so intense that no data may be taken for more than about 75% of the 63.5-hour orbital period. The observing efficiency, which also depends on solar activity, varies from 65% to more than 70%. Uninterrupted Attitude and momentum control utilizes 6 reaction wheels and liquid fuel thrusters. Two inertial reference units, each with two redundant two-degree-offreedom gyroscopes are updated automatically with data from an aspect camera.
Control of the spacecraft momentum is required both for maneuvers and to maintain stable attitude during observations. Momentum control is accomplished using the 6 reaction wheels which are mounted in a pyramidal configuration. During observing, with the spacecraft attitude constant, apart from a dither pattern introduced to spread the image out over many focal-plane detector pixels, external torques on the spacecraft will cause a buildup of angular momentum. This momentum is then shed by firing small thrusters and simultaneously spinning down the reaction wheels. The pointing stability is 0.25 arcsec (RMS) radius over 95% of all 10-second periods and the pointing accuracy is better than 30 arcsec.
The principal elements of the payload are the aspect system used to determine where the observatory was pointed, the x-ray telescope, and the scientific instruments. The specified design life of the mission is 5 years; however, the only SLAC Summer Institute, July 28 - August 8, 2003 , Stanford, California 6 TF04 perishable (gas for maneuvering) is sized to allow operation for more than 10 years. The orbit will be stable for decades. The life of the Observatory is thus limited by the reliability of the component parts.
The Aspect Camera
The aspect camera system includes a 11.2-cm, F/9, Ritchey-Chretien, visiblelight telescope and CCD camera attached to the x-ray telescope. The detector is a 1024 × 1024 Tektronix CCD, with 24 × 24 micron (5 × 5 arcsec) pixels, covering the band between 4000 and 9000Å. The system field-of-view is 1.4 × 1.4 deg. The CCD is placed out of focus to spread the star image over several pixels to increase the accuracy of the centering algorithm.
Surrounding each of the x-ray focal plane detectors is a set of fiducial light emitting diodes. Each fiducial light produces a collimated beam at 635 nm which is imaged onto the aspect camera's CDD using a periscope and transfer mirror.
The images of the fiducial lights are used to determine the instrument position relative to the x-ray telescope axis and the stars imaged by the aspect camera.
The aspect solution's accuracy depends on the number of stars detected in the field, but is typically 0.6 seconds of arc.
A sun-shade (also shown in Figure 6 ) protects the camera from the light from Only light from the sun can damage the system, the other objects in the field-of view would only saturate the detector output without damage and therefore only limit the aspects camera's utility during observations. The Moon ( Figure 7 ) has been viewed with the Observatory, in part to study the background signal, and in part to learn about the Moon's chemical composition.
The X-Ray Optics
The heart of the Observatory is the x-ray telescope made of four concentric, precision-figured, superpolished Wolter-1 telescopes, similar to those used for both the Einstein and Rosat observatories, but of much higher quality, larger diameter, The Wolter-1 design uses a paraboloid of revolution followed by a hyperboloid of revolution. Two reflections minimize coma. The mirrors are coated with 600
angstroms of iridium, chosen for high reflectivity at the x-ray energies of interest, 0.08 -10.0-keV (15-0.12 nm).
Point Spread Function
The telescope's point spread function, as measured during ground calibration, had a full width at half-maximum less than 0.5 arcsec and a half-power diameter less than 1 arcsec. The pre-launch prediction for the on-orbit encircled-energy fraction was that a 1-arcsec-diameter circle would enclose at least half the flux 
Instrumentation
The instrument module includes mechanisms for focusing and translating the imaging detectors into position at the focus of the telescope. Positioning of the instruments is required as x-ray beam-splitters are not very efficient. In addition Normally, one would plan to bake off the contamination. Bakeout is, however, complicated by the potential negative impact on the charge transfer efficiency of the CCDs. A bakeout strategy that involves a minimum temperature increase is being developed.
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Useage
The CXC has recently completed the review of proposals in response to the fifth announcement of opportunity -the first was issued a year before launch. There were 785 proposals with Principal Investigators from 21 countries. These proposals included 14 Very Large Projects (defined as those that require more than 1000 ksec to perform), 54 Large Projects (those that require 300 ksec or more), 71 proposals to use the Chandra archives, and 40 proposals to perform theoretical research that has direct impact on the analysis and interpretation of Chandra data. The peer review accepted 208 observing proposals of which 3 were very large projects, 7
were large projects. In addition, 17 archive and 18 theory proposals were accepted.
Discoveries
The first X-rays focused by the telescope were observed on August 12, 1999. The Observatory's capability for high-resolution imaging enables detailed highresolution studies of the structure of extended x-ray sources, including supernova remnants, astrophysical jets, and hot gas in galaxies and clusters of galaxies.
Equally important are Chandra's unique contributions to high-resolution dispersive spectroscopy. As the capability for visible-light spectroscopy initiated the field of astrophysics about a century ago, high-resolution x-ray spectroscopy now contributes profoundly to the understanding of the physical processes in cosmic x-ray sources and is the essential tool for diagnosing conditions in hot plasmas.
The high spectral resolution of the Chandra gratings isolates individual lines from the myriad of spectral lines, which would overlap at lower resolution. The additional capability for spectrometric imaging allows studies of structure, not only in x-ray intensity, but also in temperature and in chemical composition. Through these observations, users are addressing several of the most exciting topics in contemporary astrophysics.
In addition to mapping the structure of extended sources, the high angular resolution permits studies of discrete sources, which would otherwise be impossible. An example is shown in Figure 13 where one sees X-rays produced by TWA 5B, a brown dwarf orbiting a young binary star system known as TWA 5A6. This observation is important not only for demonstrating the importnace of angular resolution but for addressing the question as to how do brown dwarfs heat their upper atmospheres (coronas) to x-ray-emitting temperatures of a few million degrees.
From planetary systems to deep surveys of the faintest and most distant objects, the scientific results from the first four years of Chandra operations have been exciting and outstanding. We conclude this overview with a series of images illustrating some of these results.
We begin with images of the x-ray emission from the planet Jupiter. Figure 14 shows hot spots at high (and unexpected) latitudes that appear to pulsate at approximately a 45-minute period. 4 In this case the X-rays appear to be produced by particles bombarding the Jovian atmosphere after precipitating along magnetic field lines. Figure 15 continues the discoveries about the Jovian system and shows the first detection of X-rays from two of the moons -Io and Europa. In Figure 16 we show the more recent detection 6 of fluorescent scattering of solar X-rays in the upper atmosphere of Mars. The x-ray spectrum is dominated by a single narrow emission line, which is most likely caused by oxygen K-shell fluorescence.
One of the most spectacular Chandra images is the one of the center of our own galaxy 7 shown in Figure 17 . Here we clearly see both point-like discrete sources (over 1000) and diffuse extended emission. This large amount of hot xray emitting gas has been heated and chemically enriched by numerous stellar explosions. Figure 18 shows a time history and relative positioning of the optical emission of SNR 1987A as seen with the Hubble Space Telescope (HST) together with the x-ray emission observed with Chandra. 8 The reverse, x-ray emitting, shock, inside of the cooler, optically-emitting, gas is a textbook example of the shock-heating of the interstellar medium following the stellar explosion.
The final legacy of Chandra may ultimately be led by the spectroscopic data.
The energy resolution, enabled by the quality of the optics, is providing new 
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One of the more important triumphs of the Observatory has been to use the angular resolution and high sensitivity to perform detailed surveys of extended objects such as globular clusters, galaxies, and clusters of galaxies. Figure 21 shows one of the spectacular Chandra images of globular clusters. 11 A survey of two interacting galaxies is illustrated in Figure 22 where one sees emission from Chandra observations of clusters of galaxies frequently exhibit previously undetected structures with characteristic angular scales as small as a few arc seconds.
These include "bubbles" where there is strong radio emission, bow shocks, and cold fronts. These phenomena are illustrated in the sequence of figures, 23-25.
Figure 23 of the Perseus cluster
12 is a spectacular example of bubbles produced in regions where there is strong radio emission. Figure 24 shows a bow shock propagating in front of a bullet-like gas cloud just exiting the disrupted cluster core. This observation provided the first clear example of such a shock front. 13 In contrast, Figure 25 of Abell 2142 14 shows an example of a shockless cold front.
A major triumph of Chandra (and XMM-Newton) high-resolution spectroscopic observations has been the discovery that that gas in the clusters is typically not cooling to below about 1-2 keV 15 which indicates the presence of one (or more)
heating mechanisms.
Some clusters, such as Abell 2029 shown in Figure 26 , do exhibit a smoother relaxed structure. Here we see the thousands of galaxies inside the cocoon of hot, x-ray-emitting gas. Measurement of the temperature and density profiles of the gas, inwards towards the central, dominant galaxy, provides a map of the Courtesy NASA/CXC/SAO gravitational potential, and hence the dark matter in the cluster. The observers, Lewis, Buote, and Stocke, 16 showed that the dark matter density increased toward the center in a manner consistent with cold dark matter models.
The study of active galaxies is one of the centerpieces of studies with the Observatory. Figure 27 illustrates a recent spectacular result -the first image of a double quasar nucleus. This work is an outgrowth of the study the diffuse x-ray background, the nature of which had been a puzzle for nearly 40 years, although the lack of distortion of the spectrum of the Cosmic Microwave Background placed a strong upper limit to the possibility of a truly diffuse component. 21 Observations with ROSAT at energies below 2 keV made a major step in resolving a significant fraction (70-80%) into discrete objects. 
